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Abstract — Two methods for measuring neutrons in the range from thenn^ energies to dozens of MeV 
were used. In the first method, a -particles emitted from the *Li(n,a)r reaction are detected with the help 
of plastic nuclear track detectors, yielding results on thermal and resonance neutrons. Also, fission foils ^ 
are used to detect fast neutrons. In the second method, fast neutrons art recorded by nucl^ photographic 
emulsions (NPE). The results of measurements on board various satellites are presented. The neutron flux 
density does not appear to correlate clearly with orbital parameters. Up to 50% of neutrons ^ 
albedo neutrons from the atmosphere while the fluxes inside the satellites arc 15-20% higher than those ^ 
on the outside. Estimates show that the neutron contribution to the total equivalent radianon dose reaches , 


20-30%. 


INTRODUCTION 

The radiation environment in low Earth orbits is 
studied, as a rule, using thermoluminescent dosi- 
meters and plastic nuclear track detectors (Benton 
et aL, 1977; .Akatov ei aL, 1981, 1984). Measuremems 
of this type yield data on absorbed dose, but cannot 
give information on radiation quality or on dose 
component composition. Also, a serious underesti- 
mation may occur because neutrons are disregarded. 
A few investigations were previously carried out to 
study the neutron component. The experimental 
work of Dudkin ei al. (1968), Merkcr et al, (1970), 
Jenkins et aL (1971), Bhaff (1976). and calculational 
efforts of Lingcnfcltcr (1963), Armstrong et al, (1973) 
and Mcrker (1973) studied the neutron fluxes and 
energy spectra in ncar-Eanh orbits. These previous 
efforts were, at best, sporadic, so that characteristics 
of the neutron component in the Earth’s environment 
have not yet been systematically studied. 

The aim of the present work was to experimentally 
study the energy spectra and fluences of neutrons in 
low Earth orbit as a function of flight parameters. 
Two methods were used, namely, the method of 
fission foils with shielding screens and the NPE 
method. The measured values of neutron fluxes were 
then used to estimate the neutron dose equivalent in 
different energy groups and its contribution to the 
total equivalent dose. 

MEASUREMENT TECHNIQUES 

The large cross-sections for capture of thermal and 
resonance neutrons by ®Li nuclei makes detection 


possible through the ^ Li (n,a) 7 reaction. The fluences 
of a -particles emitted from *LiF film surfaces are 
recorded in plastic nuclear track detectors, for 
example, in a CR-39 detector. Thermal neutrons 
can be separated from resonance neutrons using Gd 
foils which shield a detector. In our experiment, 
25 /im- thick foils were used. The difference between 
shielded and non-shieldcd detectors gives the value of 
thermal neutron flux, whereas the shielded detectors 
measure resonance neutron fluxes. The 4,5 mg cm”’ 
*LiF thickness defines the detector sensitivity to 
thermal neutrons which is 4.9 x 10”^ tracks/ thermal 
neutron. The sensitivity to resonance neutrons 
(0.2 eV-1 MeV), where the dependence of the neutron 
spectrum was assumed to be (1/7^), was calculated to 
be 2.56 X 10"'* tracks/rcsonancc neutron. The fluence 
of high-energy neutrons (^l.OMcV) was roughly 
esiimaied using thorium foils. The foils recorded the 
track densities produced by Th fission fragments. The 
disintegrations were caused by fast neutrons and by 
protons. Therefore, to separate neutrons and protons 
it was necessary to assume the forms of their energy 
spectra and their relative intensities. 

The differential fast-neutron spectrum was deter- 
mined by the NPE method using the low-sensitivity 
400;im-thick BYa-type emulsion layers whose 
recording power corresponds to panicles whose 
linear energy transfer (LET) exceeds the LET of 
protons with kinetic energy of about 50 MeV. The 
background from panicles with lower LET values 
was reduced by this method. 

The fast-neutron spectrum was recovered using the 
recoil proton energy spectrum generated as a result 
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of the eiasiic (n,p)-scatiering of neutrons from the 
hydrogen in the emulsion. 

The recoil proton path in an exposed and devel- 
oped emulsion was determined by measuring two 
orthogonal projections of a track whose ends were 
located withm the volume of an NPE layer. Allow- 
ance was made for the fact that a fraction of the recoil 
protons will leave the emulsion layer and that the 
probability of such an event rises with increasing 
recoil proton energy and, hence, the energy of a 
neutron scattered by the recoil proton. The factor/, 
which depends upon proton energy and NPE layer 
thickness, was introduced into the recoil-proton path 
(energy) distribution to correct for the loss of tracks. 
To correctly construct the proton path (energy) distri- 
bution in NPE, the NPE shrinkage factor was also 
included. 

The kinematics of elastic scattering of a non- 
relaiivisuc neutron of energy, £^, has been described 
elsewhere (e.g. Nemetz and Gofman, 1975). The 
relationship of the differential neutron energy 
spectrum to the measured differential recoil 

proton spectrum dP/d£ is .found by graphic 
differentiation and can be presented as 


dN d /d£ 1 \ £, 

d£,* d£Vd£/(£)jno-ff(£J'P^ 


(I) 


where /lo is the number of hydrogen nuclei in 1 cm^ 
of NPE (no*3.05 X lO^cm-^ for the BYa-type 
emulsion; V is the volume of emulsion inspected 
(in cm^); is the (n,p)-5caticring cross-section (in 
cm-). 

To fadiitatc the graphic differentiation, we approxi- 
mated the recoil proton spectrum including the cor- 
rection factor / for the track extending beyond the 
NPE layer. The values of / as a function of proton 
energy, £p, were calculated by the formulas presented 
in Pei^lov er aL (1962), where the expression is of the 


type 


.y =Ia*-cxp(-^.£) 


where a, and Pi are numerical factors. 

The following three circumstances should be noted. 
Firstly, the measurements appear to be tinreliable at 
neutron energies £^< 1.0 MeV because of a large 
visual error when recording the short path-length 
protons (the 1 MeV proton path in NPE is 14 ^m). 
Also, the measurements in the above-mentioned 
energy range arc unreliable because the reactions of 
thermal and intermediate neutrons on nitrogen of the 
emulsion produce a 0.7 MeV neutron which cannot 
in practice be distinguished from a recoil proton in 
the (n,p) scanering. Secondly, the error of the given 
method increases at neutron energies above 
10-15 MeV because the expression (1) has been ob- 
tained assuming an isotropic proton scattering in 
c.m.s. which is only possible at energies below 
10— 15 MeV. Tnirdly, it should be borne in mind 
that, if the neutron spectrum is of a complicated 


non-monoionc character, a differentiation error will 
dision the results substantially. 

The reprodudbility of this method in the neutron 
energy range above l.O MeV was verified by irradiat- 
ing similar BYa-type emulsion packages with neu- 
trons from sources whose spectra have been well 
documented in literature. For example, we irradiated 
the BYa-type emulsion packages with neutrons from 
^-Cf and from Pu-Be sources, and obtained spectra 
which differed from published data by not more than 

x20®/o. 


RESULTS AND DISCUSSION 

Flux densities and energy spectra of neutrons in 
different energy ranges were measured on board 
several U.S. and Soviet spacecrafL The measure- 
ments were made inside the satellites and on their 
external surfaces. The thickness of matter screening 
the detector inside a satellite was different in different 
satellites and varied from — 5 to ■^50gcm“-. Unfor- 
tunately, the exact distribution of the mass of deiec- 
tor-suiTounding matter was not known, thereby 
making the analysis of the measurement results 
difficult. 

Table I presents some of the results of measuring 
neutron flux density on board various spacecraft with 
*LiF detectors and fission foils (Benton and Henke, 
1983 and Benton, 1986). The table also presents 
the aeuiroD doses calculated on the basis of these 
measurKnents. 

The doses were calculated using the flux-dose 
conversion factors from NCRP Proceedings of 1971, 
while the quality factors were taken to be 2.0, 6.4, 
and 10.0 for thermal, resonance and fast neutrons, 
rcspcctivciy. 

The data on the forms of the neutron and proton 
speara used in calculating the doses were taken from 
Merker (1973) and Hewitt et al. (1972), respectively, 
while the relation between the proton and neutron 
flucnces was taken from Fishman (1974). It should be 
.noted that, whereas the experimental data on proton 
spectra in similar flights generally can be found, 
the fasi-neuiron spectral data were not available. 
Obviously, this circumstance can give rise to probable 
errors in determining the doses which are difficult 
to estimate. Since, as seen from Table 1, the fast 
neutrons make the major contribution to the neutron 
dose, the method of using the fission foils needs 
further refinement. 

Table 2 presents the results of measuring the flux 
density of fast (£» ^ 1 MeV) neutrons on board var- 
ious satellites of the Cosmos scries by the NPE 
method. In each case, the differential neutron energy 
spectrum was measured and then used to find the 
neutron flux density by energy integration. The Table 
2 results also show the dose equivalent rates obtained 
using the differential neutron spectra and the flux 
density-dose rate conversion factors taken from 
Vikhrov et al. (1978). 
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Table 2. Radiation charactensiics of fast neutrons in near-Earth orbits (measurements by the NPE method) 


A Cosmos 

series 

satellite 

(number) Launching data 

Right parameters 
Time of 

flight Inclination 

(days) (degrees) 

Apogee 

perigee 

(km) 

NPE 

placed 

Neutron flux 
density 
(cm*- day*' ) 

Equivalent 
dose rate 
(mrem day*’) 

936 

3 August 1977 

18.5 

62,8 

419/224 

inside 

(1.1 + 0.5) 10’ 

4.5 -H 2.2 

1139 

25 September 1979 

18.56 

62.8 

394/336 

inside 

(I.l +0.4) 10’ 

4.5-^ 1.4 

1139 

25 September 1979 

18.56 

62.8 

394/336 

outside 

(8.6-16) 10* 

3.5- l.O 

1514 

14 Dwember 1983 

4.92 

82-3 

288/'226 

inside 

(7.4 + 13) 10* 

3.0 r 0.9 

1514 

14 December 1983 

4.92 

82.3 

288/226 

outside 

(6.3 .r 1.7) 10* 

2.5 ± 0.7 

1571 

11 June 1984 

15.3 

70 

420/355 

outside 

(6.9 +1.7) 10* 

2.8 r 0.7 

1600 

27 September 1984 

13.2 

70 

420/355 

outside 

(7.8 ±16) 10* 

3.1 ± l.O 

1667* 

10 July 1985 

7.0 

82.7 

297/222 

outside I 

(6.7+ 1.7) 10* 

2.7 1 0.7 

1667* 

10 JuJv 1985 

7.0 

82.7 

297/222 

outside II 

(5.6 ± 1.7) 10* 

2.2 ± 0.7 

1757 

11 June 1986 

14.0 

82.3 

252/189 

outside 

(5.3 +1.7) 10* 

2.1 ±0.7 

1781 

17 September 1986 

14.0 

70.4 

405/217 

outside 

(5.3 ± 1.7) 10* 

2.1 xO.7 

1887 

29 September 1987 

12.6 

62.8 

394/226 

inside 

(5.2 + 1.7) 10* 

2.1 r 0.7 

1887 

29 September 1987 

12.6 

62.8 

394/226 

outside 

(4.5 + 1.7) 10* 

1.8 ±0.7 


•External assembly I oriented towards the Sun: assembly II oriented towards the Earth. 


Shown as an example in Fig. I are the neutron 
energy spectra' measured inside and outside the Cos- 
mos 1514 and 1887 satellites. For comparison, Fig. I 
presents also the results of a calculated albedo 
neutron spectra obtained in Lingcnfelier (1963) for 
solar minimum at difTcreni orbital inclinations to the 
plane of the equator (/ = 40^^ and 90°). 

Analyzing the experimental data has shown that 
most of the fast-neutron energy spectra are of the 
characteristic ‘evaporation’ form with a maximum in 
the 1 .5-4.0 MeV neutron energy’ range. In any case, 
the form of neutron spectra presented here is realized 
in all the spectra measured inside the spacecraft. The 
external neutron spectrum is, as a rule, softer. 



Fig. I. Differential neutron energy spectra measured in 
spacecraft in low Earth orbit. Curves 1 and 2 arc the 
Cosmos 1514 data obtained outside (I) and inside (2) the 
satellite. Curves 3 and 4 arc the Cosmos 1887 data obtained 
outside (3) and inside (4) the satellite. Curves 5 and 6 are the 
albedo neutron speara calculated in Lingcnfelier (1963) at 
angle i *90® (5) and at i * 40® (6) during solar minimum. 


According to the present-day concepts, the 
detected neutrons originate from two sources, 
namely, the albedo neutrons produced in interactions 
of galactic cosmic rays with the Earth’s atmosphere 
and the secondary neutrons produced in the space- 
craft structure (the local neutrons). The form of 
the local neutron spectra is similar to the form of the 
spectra generated in inelastic proton-nuclear inter- 
actions. The local neutron spectra are obviously more 
rigid compared with the spectra of the albedo 
neutrons which undergo multiple scatterings and 
attenuation in the atmosphere. 

The data of Table 2 show that the neutron flucnces 
inside the spacecraft are 15-20% higher than on 
the outside, thereby indicating that local neutrons 
are accumulated in the instruments simultaneously 
with attenuation of albedo neutrons. This trend is 
observed in the neutron dose rates measured both 
inside and outside the satellites. 

Comparing the data of Tables 1 and 2 it is seen 
that the fast neutron flux densities measured by the 
two different methods arc in approximate agree- 
ment. A difference in the dose rates shown is probably 
due to different values of the flux-dose coefficients 
used. 

Analyzing the measurement results has shown 
that the neutron flux density docs not exhibit any 
unambiguous dependence on altitude, orbital incli- 
nation, and phase of the solar cycle. According to 
Jenkins ei al. (1971), the flux density of the albedo 
neutrons with ^ 1 MeV increases by a factor 
of ^ 10 as a satellite moves from the equator to the 
poles and is 0.03ncm"^s"' at the equator and 
0. 2-0.5 ncm*'S*‘ at the poles. This is confirmed by 
our experiments (see Table I) where the fast-neutron 
dose decreases by a factor of ^3 as the orbit 
inclination angle varies from 60 to 30°, 

Analyzing the measurement results has also shown 
that the albedo neutron contribution to the total 
neutron flux may reach -50%, which is in good 
agrcemcni with the estimate obtained by Yushkov 
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(1983) where the albedo neutron contribution to the 
total counting rate of the neutron detector flown on 
SaJyut-6 was found to be L'3. 

It is of interest to estimate the rifutron contribution 
to the total dose in low Earth orbit. This is possible 
since thermoluminescent detectors were used in ail of 
the flight experiments. The rates of absorbed neutron 
doses are approximately a few per cent of the total 
absorbed dose, whereas the neutron contribution to 
the dose equivalent reaches 20-30% (because of a 
high, quality factor}. 

In order to understand better the nature of the 
cosmic ray neutron component in low Earth orbit 
and in order to make the absolute dose measurements 
more accurate, it is necessary to carry^ out funhcr 
experiments on’board oriented spacecraft in different 
orbits and during varying phases of the solar cycle. 
The distribution of shielding mass about the detectors 
must also be taken into account. Lastly, further 
refinement of the measurement techniques is still 
necessary. 

references 

Akatov Yu. A- Arkhangelsky V. V.. Aleksan^ov A P.. 
Feher I., Deme S., Szabo B., Vagvolgyi Sza^ P. P-. 
Csoke A., Rinky M. and Farkas B. (1984) Thermo- 
luminescsni dose measurements on board_Saiyut-type 
orbital stations. Adv. Space Res. 4(10), 77. 

Akatov Yu. .A., Vikhrov .A. I., Dudkin V. E., Ma^ny A 
M Nefedov N. A. Potapov Yu. V.. Spumy F., Turek 
k. and Hashegan D. (1981) Study of cosmic radiauon 
anenuation on board Cosmos- 1129. Third .■ilUVnion 
Conf. Proi. Against Ionizing Radial. Sucl. Tech. Instal- 

IcuiorL Tbilisi. , « • i. t 

Armstrong T. W„ Chandler K. C. and Barwh J. (197o) 
Calculations on neutron 3ux spectra mducco in me 
Earth’s atmosphere by galactic cosmic rays. J. geopnys. 

Res. 78, 2715. - . • ^ i^c 

Benton E. V. (1986) Summary of radianon dosimetry res^ 
on U.S. and Soviet manned spacecrati. aAvi 
COSP.^R Meeting, Toulouse, 1986. COSPAR Paper 
No. VIL p. 7. 


Benton E. V and Henke R. ?• (19831 Radiation exposures 
during space flight and their measurements. Aav. Space 

Benton's. V.^ H«ie R. P- and Peterson D. D, C 1977) Plastic 
nuclear track^detector “ J"' 

parude ramauSn on Apoilo. S^^lab and ASiP >pac. 
missions. Yuc/, Track Deteaion 1. 

Bhaff V. L. (1976). Neutron high-energy spectra at - mo 
near die geomagnetic equator. J. geopnys. Res. 31, 

4603. - — ^ 

Dudkin V. E.. Kovalev E. E.. Novikova N. R.. Osuoumov 
V. I., Potapov Yu. V.. Skvorsov S. S. and Smirenny 
L. N. (1968) Measuring the proton and neutron spec- 
tra and fluxes on board satellites of the Cosmos series. 
KosTTt. Issled. VT, 887. 

Fishman G. J. (1974) Neutron and 

measurements from Skyiab. .AlAA Paper No ^ -- ■ ■ 

AlAAl.-iGD Conf.scieni. Experiments Skyiab. Octooer 
1974, Huntsville. Alabama. 

Hewitt J. E.. Schaefer H. J. and Sullivan J. L (19^2) 
Radiation exposure during the biosateiliie lu pranace 
flight. HUh Rhys. 23, 461. ^ n j 

Jenkins R. W.. Ifedili S. 0-, Lockwood J. A. and Riudan 
H. (1971) The energy dependence 
neuiron leakage fliK in the range oi O.OI-iOMeV. 
/. geophys. Res. 76, 7470. 

Lingenfeiter R. E. (1963) Cosme ray neutron leakage flux. 
J. geoohvs. Res. 68, 5653. 

Merker .M.‘ B. (1973) The coniriburion oi galactic cosmic 
mvs to the atmospheric neutron maximum dose eqmv- 
alent as a ftmedon of neutron energy and aiucuae. Hun 

Phys. 25, 524. .j v ^ ^ i 

Merker M. B;, Ught E. S., .Mendeil R. B. Md S- • 
(1970) The flux of fast neutrons m the atmospnere. 
Acta physiol, hung. 29 (Suppi. 2), 739. 

Vemetz O F. and Goftnan Yu. V. (19 '5) Hancock on 
yuciear Physics, p. 386. Naukova Dumka IGev 

Psrniov N. .A.. Losikin 0. V. and Ostroumov v. I. (196.^.) 
Vuciear Reactions Induced by High-energy Particles. 
Acad- Sci. U.S.S.R. Editorial Board, Moscow. 

Vikhrov A. 1., Dudkin V. E.. Kovalev E. E., Komochkov 
M. M., Lebedev V. N.. Litvinova E. G., Mitnc^ 
V G Potapov Yu. V., Potemkin E, L.. Sichov B. S. 
and Frolov V. V. (1978) Atlas of Dose Characierisncs 
of External Ionizing Radiation (Edited by Kovaiev 
E. E.). Atomizdat, Moscow. 

Yushkov B. Yu. (1988) Measuring neutron fluxw^on boara 
Saiyui-6 orbital station. Kosm. Issied. 5, 793. 


22.0 




